The preparation of cyclic ethylene and butylene 2,5-furandicarboxylate oligoesters and their conversion to furan-based polyesters poly(ethylene furanoate) (PEF) and poly(butylene furanoate) (PBF) by ring-opening polymerization (ROP) are described. The cyclic oligoesters were obtained in high yields by both high dilution condensation and thermal cyclodepolymerization methods, and they consisted of mixtures of small size species. Cyclic dimer, trimer and tetramer oligoesters were isolated by semipreparative chromatography and found to be crystalline compounds melting within the 140-200 ºC range. ROP catalyzed by Sn(Oct) 2 of both mixtures and individual species afforded PEF and PBF with weight-average molecular weights between 50,000 and 60,000 g·mol -1 . Polymerization rate was found to be higher for butylene than for ethylene cyclic oligofuranoates, and also to increase slightly as cycle size decreased. The thermal properties of PEF and PBF prepared by ROP were in full agreement with those reported for these polyesters obtained by melt polycondensation.
Introduction
2,5-Furandicarboxylic acid (FDCA) is a sugar-based compound that has attained high notoriety in these last years due to its great potential as a renewable platform for the synthesis of a wide variety of chemicals, [1] [2] [3] and in particular of polymers produced by polycondensation. [4] [5] The outstanding relevance of FDCA to the development of new bio-based polyesters has been updated in an excellent review published recently by Sousa et al. 6 The chemical structure, thermal stability and aromatic nature of FDCA are features that make this diacid specially suitable for replacing terephthalic acid in the preparation of the important engineering thermoplastics poly(ethylene terephthalate) (PET) and poly(butylene terephthalate) (PBT) (Scheme 1). In fact, most of efforts made up to date on the development of FDCA as monomer have been addressed to the synthesis of poly(ethylene 2,5-furandicarboxylate) (PEF) and poly(butylene 2,5-furandicarboxylate) (PBF) homopolyesters [7] [8] [9] and copolyesters, [10] [11] [12] [13] [14] and Avantium in Netherlands started in 2010 the industrial production of PEF on multi-ton scale for fibers and packaging. The aliphatic-furanic polyesters based on FDCA have been shown to have enhanced thermo-mechanical 11,15-17 and biodegradable [18] [19] properties over existing terephthalate polyesters.
Both PEF and PBF are usually synthesized from either pristine FDCA [7] [8] [9] or its dimethyl ester, 15 by polycondensation in the melt through a two-steps process.
Organometallic catalysts, temperatures well above the T m of the resulting polyfuranoate, and periods of time of hours to days are required to attain high reaction extents. The main processing difficult arises from the high melt viscosity achieved by the reaction mixture that severely hampers mass transfer and makes therefore difficult to remove the volatile condensation products. 20 Post-polycondensation in the solid state is performed as a third-step in order to increase further the molecular weight. 14, 15 The severe conditions applied in the polycondensation usually imply some discoloration and eventual generation of minor amounts of secondary products.
Ring opening polymerization (ROP) is a well-stablished technique that has been extensively used for the polymerization of a wide variety of cyclic compounds and in particular of cyclic oligoesters. 21 The relatively soft reaction conditions applied in this method makes feasible to synthesize high molecular weight polymers in good yields without perceivable chemical alteration of the product. Specific advantages of ROP are a high polymerization rate, the absence of reaction coproducts, and the low viscosity retained by the reaction until high conversions are attained. Consequently the formation of secondary by-products is almost insignificant, the remaining monomer can be easily removed, and discoloration is minimized. Both PET [22] [23] [24] In the present paper we wish to report on the preparation of high molecular weight PEF and PBF by ROP of the corresponding cyclic oligo(alkylene 2,5-furandicarboxylate)s. Both the HDC and CD methods have been here applied for the synthesis of these cyclic oligoesters, and the influence of cycle size on polymerization rate has been investigated. The synthetic pathway followed in this work is depicted in used for polycondensation reactions were gifts from BASF. Solvents used for reaction, isolation and purification were of high-purity grade and used as received except dichloromethane (DCM), tetrahydrofurane (THF) and dichlorobenzene (DCB) that were dried on 3Å-molecular sieves. DABCO catalyst was purified by sublimation.
Measurements.
1 H and 13 C NMR spectra were recorded on a Bruker AMX-300 spectrometer at 25 °C, operating at 300.1 and 75. 
Synthesis of cyclic oligomers by cyclodepolymerization (CD). c(BF) n and c(EF) n
were also prepared by cyclodepolymerization of PBF and PEF polyesters previously synthesized by melt polycondensation as it will be described below. The procedure recently reported by us 29 for the preparation of cyclic oligo(hexamethylene terephthalate)s was followed. 0.8 g of PBF or PEF (previously dried overnight in a vacuum oven at 60 °C), 20 mL of dried DCB and 3% mol of DBTO were introduced into a 50 mL round-bottom flask fitted with a magnetic stirrer and a condenser. The mixture was stirred for 7 days under reflux and then it was cooled at room temperature, filtered, and the solvent evaporated under vacuum at 50 °C. In order to remove the linear oligomers the solid residue was chromatographed on a short column of silica gel using a mixture of DCM and diethyl ether 90/10 (v/v) as eluent. Figure SI-3 ).
The synthesis of PBF and PEF polyesters used for cyclodepolymerization was carried out by polycondensation in the melt following the usual two-steps method repeatedly described in literature. 31 In the first step (transesterification), 
RESULTS AND DISCUSSION

Synthesis and characterization of cyclic oligo(alkylene 2,5-furandicarboxylate)s.
The synthesis of the cyclic oligo(alkylene 2,5-furandicarboxylate)s, abbreviated c(AF) n with A being ethylene or butylene, was carried out by two well-known cyclization methods, namely pseudo-high dilution (HDC) and cyclodepolymerization (CDP).
Results obtained by both methods are compared in Table 1 .
The HDC method was developed by Brunelle et al. 32 Figure 7 . The inspection of these plots leads to conclude the following: a) c(BF) n polymerized initially faster than c(EF) n but after two hours of reaction similar molecular weights were reached in the two systems. In fact, an asymptotic profile was observed in the first case whereas a tendentiously linear trend was displayed by the second one. b) The molecular weight increasing rate was found to be higher for smaller cycle sizes although such differences are mild and tend to disappear at high conversions. c) The profiles obtained for the c(BF) n mixture were comparable to those of the individual fractions revealing that polymerization proceeded in this case at an approximate average rate. d) As expected, the polymerization rate increased with temperature with variations being larger for c(BF) n than for c(EF) n ; furthermore polymerization of c(EF) n required higher temperatures than c(BF) n to attain similar molecular weights.
The thermal properties of the PBF and PEF polyfuranoates samples obtained after reaction for two hours at 240 ºC were then evaluated. The DSC and TGA traces registered from them are depicted in Figure 8 and their most characteristic parameters are collected in Table 2 . Ranges of data reported by different authors for these polyesters prepared by melt polycondensation are also included for comparison. As it can be seen, the polyfuranoates obtained by ROP display molecular weights perfectly 
